The study and analysis of human physiology during short-and long-duration space flights are the most valuable approach in order to evaluate the effect of microgravity on the human body and to develop possible countermeasures in prevision of future exploratory missions and Mars expeditions. Hand performances such as force output and manipulation capacity are fundamental for astronauts' intra-and extravehicular activities. Previous studies on upper limb conducted on astronauts during short-term missions (10 days) indicated a temporary partial reduction in the handgrip maximum voluntary contraction (MVC) followed by a prompt recovery and adaptation to weightlessness during the last days of the mission. In the present study, we report on the "Crew's Health: Investigation on Reduced Operability" (CHIRO) protocol, developed for handgrip and pinch force investigations, performed during the six months increment 7 and increment 8 (2003)(2004) onboard International Space Station (ISS). We found that handgrip and pinch force performance are reduced during long-term increments in space and are not followed by adaptation during the mission, as conversely reported during short-term increment experiments. The application of protocols developed in space will be eligible to astronauts during long-term space missions and to patients affected by muscle atrophy diseases or nervous system injury on Earth.
Introduction
The microgravity environment alters the musculoskeletal system during short-and long-duration missions, resulting in atrophy of bone and muscle tissues [1] . It is therefore essential for space mission success to apply effective countermeasures such as physical exercise and tailored diets [2] to mitigate such effects during short-and long-term missions. Astronauts strongly rely on the use of their upper limbs to control their movements and to operate and perform tasks onboard or outside ISS during extravehicular activities (EVAs). During EVAs, the upper limbs and specially the hands experience fatigue; this could pose a critical risk for the operations to be performed and for the overall mission success. Therefore, several technological advancements have been proposed to the astronauts' spacesuit and in particular the pressurized suit glove in order to reduce hand fatigue [3, 4] . Hence, understanding how the upper limb responds during prolonged time in microgravity is fundamental in order to advance knowledge for the establishment of preventive or rehabilitation protocols for space crews involved in long-lasting missions.
In order to support investigations on astronauts' upper limb performance during a space mission, a dedicated facility, the Hand Posture Analyzer (HPA) [5, 6] (Figure 1 ), was designed, developed, and manufactured by Kayser Italia under an Italian Space Agency (ASI) contract. A reduced set of instruments named handgrip dynamometer (HGD) was produced under a European Space Agency (ESA) contract in the frame of the ESA-NASA barter agreement. The HPA returned on Earth on July 21, 2011, onboard the last Shuttle mission. The HPA in its preliminary version took part in the Marco Polo Mission (Soyuz TM34, April 25 to May 3, 2002) [5] and consisted of a handgrip dynamometer (HGD, Figure 1(a) ), a pinch force dynamometer (PFD, Figure 1(b) ), and a PC with data acquisition system and software (SW). The findings of the Marco Polo Mission, that is the fact that the maximum voluntary contraction (MVC) was decreasing during the first period followed by recovery in the last days was confirmed by the same astronauts during the Eneide Mission (Soyuz 10S, April 15 to April 24, 2005) and then during the Esperia Mission (STS 120, October 23 to November 7, 2007 , our unpublished data). The observed astronauts' MVC behavior resembled the one shown by people affected by the sopite syndrome, a neurological disorder triggered by prolonged periods of motion that relates to symptoms of drowsiness, fatigue, and mood changes [7] .
To gain insight into how the control of a handgrip and a precision lateral pinch force is influenced by reduced gravity and to quantify the adaptive normalization along missions, two astronauts periodically executed the CHIRO protocol with HPA in 2003 and 2004, during long-term increments 7 and 8 (an increment on the ISS is the period of permanence of the crew onboard, lasting typically 6 months). In both missions, the analyses were focused on understanding the differences between short-term and long-term exposure to weightlessness and between ground and flight sessions. During the CHIRO test, the astronaut is asked to exert the MVC through a man-machine interface (MMI), and he is then asked to follow a force profile (presented as a line on the PC screen) at a fixed percentage of the MVC. Different and repeated sequences of visual feedbacks and/or proprioceptive feedback only (the PC screen becomes dark) were experienced by the astronaut during the experiment (see Materials and Methods). Baseline on ground data collections has also been performed pre-and postflight.
Analyzed parameters were divided in five main groups: power performance, cinematic, accuracy, muscular tremor, and proprioception. Each parameter analyzed monitors psychophysical and physiological factors most probably connected to CNS motion strategy, PNS organization, and muscular output level modification. In this study, we report that HGD and PFD performance degradation during long-term increments in space is not followed by adaptation, as reported during short-term increment experiments [8] . Once back on Earth, astronauts experienced recovery of upper limb performance.
Materials and Methods
2.1. Human Subjects. The work described in this manuscript has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. Informed consent was obtained for experimentation with human subjects. The CHIRO protocol was performed by 2 male astronauts.
Force Measurement.
The HPA facility consists of two instruments: the HGD and PFD (Figure 1 ), which are isometric dynamometers designed and manufactured, respectively, for the best handgrip and pinch force application, with connection cables and terminal connectors to the interface box (IBOX). The IBOX is connected to power supply and to a laptop PC via a PCMCIA card, which is used both for dynamometer data acquisition and for real-time force level computation and visualization. The PC is used also as manmachine interface (MMI) and leads the test subject during the experiment execution. The HPA has also an instrumented glove with 15 degrees of freedom, allowing the study 2 International Journal of Aerospace Engineering of the position of single phalanxes, coupled with an inertial platform with 6 degrees of freedom (3 accelerometers and 3 angular velocity sensors) placed on the wrist, allowing the execution of protocols on motion control strategies during grasping and reaching tasks and the study of alteration in cognitive processes. HGD and PFD force ranges are, respectively, 40-1000 Newton and 0-270 Newton with a measurement accuracy of 0.75% of the full scale. Electronic signals from dynamometers are conditioned by the 6th order low pass Butterworth filter (f L = 20 Hz).
CHIRO Experimental Protocol. The Crew's Health:
Investigation on Reduced Operability (CHIRO) protocol [8] consists of nine consecutive isometric force tests for each ground or flight session. Before each session, HPA software records subject's MVC and calculates three fixed force targets at 25%, 50%, and 75% of MVC. At each target level, the astronaut is asked to perform three consecutive tests. Each test lasts 24 seconds and it is divided in three equally spaced time windows, respectively: In the first window, the subject aims at the force target, and once reached, he tries to maintain the force output level. Both actions are supported by the visual feedback displayed on the PC monitor. In the second window, no visual feedback is given: the PC monitor is turned off and the subject uses only the proprioceptive information to maintain the force level output constant. In the last window, the visual feedback is restored on the PC monitor. At the end of the test, the complete 24-second time history is showed on screen to allow learning during rest time (12 seconds) prior to test repetition. The CHIRO protocol is applicable for both the HGD and PFD tools. The HGD protocol requires the tuning of the grip size according to the best comfort of the test subject. The PFD protocol might be executed with a pinch "key style" or in "finger opposition." The "key style" modality was used. In sessions performed during increments 7 and 8, the CHIRO protocol was performed by the astronauts after familiarization and training, as described below:
(1) Preflight ground sessions, called GROUND1 (G1) and GROUND2 (G2) 
Results

Maximum Voluntary Contraction (MVC).
The MVC is the maximum force value that a subject can exert constantly using HGD or PFD tools, for a time period of at least 3 seconds. MVC value is used also by the HPA software for the evaluation of the three target values (25%, 50%, and 75% MVC). As shown in Figure 2 (a), in test sessions during increment 8 mission, HGD-MVC values gradually decrease over time. A mean decrease of about 45% equivalent to 33.9 Newton/month was observed. PFD-MVC values do not show significant variation over time. Remarkably, a similar trend is reported for increment 7 mission as shown in Figure 2 (b) (HGD-MVC values decrease of 40.8 Newton/month). During long-term missions, there is no adaptation to weightlessness and no recovery, and HGD-MVC values keep decreasing during weightlessness conditions. PFD-MVC values do not show gross variation over time as previously observed for short-term missions [8] .
These data suggest that absence of recovery during long-duration (more than six months) space flights could potentially pose a serious risk for astronauts' health and performance of upper limbs due to the decrease over time of the MVC.
Static Effort (SE).
The SE parameter allows the evaluation of the force deviation from target over time. Ideally, force output trace on the monitor must be equal to a rectangular function assuming that the subject reaches the target at t = 0 and maintains the force level constant for 24 seconds. In practice, during the experiment, the subject does not reach the target in the time window 0-4 seconds. The muscular system response might be represented with a second order Hill's model [9] . The SE parameter refers to the difference between the area under real curve (AURC) and the area under ideal curve (AUIC), described by the following equations:
where SE is the static effort; AURC is the area under real curve; AUIC is the area under ideal curve; AURC 4-24 is calculated in the time window 4-24 seconds excluding the initial transient period 0-4 seconds. T i is the target value; i-index represents the test number. If no force is applied, the SE value is equal to 1. When force is applied, SE values 0 < SE ≤ 1 are expected. In weightlessness, SE shows larger values for PFD tests rather than HGD. Particularly, 4-24 seconds gray bars highlight that adaptation does not occur during long-term space missions, as reported in Figure 3 (a) and Figure 3(b) . These data could be explained assuming that during PFD tests, small mass muscles are involved both in force generation and modulation, thus resulting in a higher fatigue for the small muscles. Conversely, during the short-term experiment [8] , data from the SE tests showed that the subject develops a mechanism of adaptation to weightlessness involving the compensation of a bigger muscle fatigue with increase in force modulation, therefore adapting the upper limbs to the microgravity environment. Hence, a primary difference between short-term 
where MDT is the mean distance from the target. N is the number of data sampled for each test. F i is the force output level measured by HGD or PFD tools. T is the target value. The mean value of MDT calculated for each test group for the same target value is shown in Figure 4 . HGD tests show a decrease of 48.4% of power during consecutive flight sessions while PFD tests do not show any gross variation. This finding can be explained by the decrease of HGD-MVC, which could potentially determine a smaller reaction capacity in big mass muscles. PFD-MDT showed no significant variation, accordingly with PFD-MVC parameter.
Force Variance (FV).
Force variance evaluation is a proper method to investigate subject's ability to keep the output force level constant. It is independent from target level, and it was performed during each time window 4-8 seconds, 8-16 seconds, and 18-24 seconds. In statistics, variance is defined as a data dispersion index as follows:
where FV is the force variance. n: number of considered elements. μ is the average force data values of vector X.
Variance is zero only if all force data are equal to each other and therefore only if all data are equal to the data average, but it increases with the increase of data difference. In general, μ is lower than force target. Therefore, using variance as evaluation parameter allows the estimation and quantification of force fluctuation. Moreover, variance is a complementary parameter for data analysis because it allows the consideration of the subject's chance of not reaching exactly the target level, maintaining the force level inside the tolerance area visualized on the PC monitor by upper and lower horizontal lines, and keeping his personal force level (generally different from target level) constant. Figure 5 shows the variance parameter for mission increment 8 relatively to HGD and PFD tests, for the considered time windows. Three data groups are reported as the mean value of variance for ground (preflight), flight, and ground (postflight) sessions. 
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Two different data trends can be assessed for HGD and PFD tests: variance decreases in weightlessness conditions in 4-8 seconds and in the only proprioceptive window (8-16 seconds), while it increases in the 18-24-second time window. This effect might be explained, at least partially, by the muscular fatigue appearance during the last eight seconds of each test, which nullifies the subject's attempt to keep his force level constant. Variance trend correlates with the fact that muscular fatigue is more evident in microgravity rather than 1 g Earth gravity.
Maximum Force Range (DELTA)
. The DELTA parameter was used to investigate the subject's force range for modulation and accuracy evaluation, defined by the following equation: 
Force Tremor (FT).
A frequency analysis of force data with HGD and PFD was performed using the power spectral density (PSD) of each signal. We applied the Wiener-Kintchine theorem that allows the PSD calculation by fast Fourier transform (FFT) of the autocorrelation function. The sampling rate of the HPA hardware was fixed at 100 Hz, with a Butterworth 6th order low pass filter in the frequency window 0-20 Hz including detection for the 8-12 Hz tremor effects [10] .
During contractions, hand muscle movements are characterized by physiological finger tremor [11] induced by muscular fiber recruitment. This physiological effect is amplified by isometric tests when a subject tries to keep the force level constant [12] . The FFT module increases as the target level increases, and the PSD is concentrated in the power spectral band 0-3.5 Hz [13] both for HGD and PFD tests, as shown in Figure 7 During the test sessions performed, the PSD behavior reported in Figures 7(b) and 7(c) shows common features of the presence of small frequency components in the 4-20 Hz band especially at lower FV values. The PSD parameter is a proper mean to investigate subject force modulation strategy. In the attempt of maintaining a constant force level, big mass muscles are modulated in the frequency range of 0-3.5 Hz and are responsible for mean force level. Conversely, small mass muscles and finger's muscles are modulated at higher frequency (4-20 Hz) for the regulation of fine force levels and big muscle fluctuations. No gross differences were observed between ground and flight PSD sessions, confirming that PSD is not gravity dependent as already reported in precedent studies [11, 12] .
3.7. Contraction Speed (CS). HGD and PFD are isometric tools used if muscular length variation is not evident. Conversely, the CS parameter allows for the evaluation of muscle capacity in force variation in the time unit considered, as described by the following equation:
where CS is the contraction speed. F i is the force output level measured by HGD or PFD. ΔT is the sampling time (10 msec). Stressed or not, efficient muscles are not able to perform high level of CS. With respect to the CHIRO protocol, this parameter has been evaluated in the time windows 0-4 seconds and 0-24 seconds. At test beginning (t = 0), subject's intention is to reach the target force as fast as possible, and thus the CS parameter is used to investigate the impulsive response of the muscular system in the time window 0-4 seconds. When the subject switches from proprioceptive to visual feedback, the analysis of force data CS allows for investigation of subject's reaction capacity. As shown in Figures 8(a) and 8(b) , during long-term flight, the impulsive response (at 75%, 50%, and 25% MVC) and reaction capacity (at 75%, 50% MVC) for HGD test decrease International Journal of Aerospace Engineering strikingly (45% of CS-FLIGHT), while the CS for PFD is not affected (data not shown), as for MVC. Therefore, during long-term missions, MVC and CS are dependent on each other: MVC shows no adaptation over time while CS values decrease continuously in microgravity.
Proprioceptive Parameters.
In the time window 8-16 seconds, the visual feedback is lost, and thus the astronaut relies only on the proprioceptive feedback during his attempt to keep constant the force level. A parameter called target distance (TD) was used to investigate the subject ability to keep the force level constantly near the target level during visual feedback absence. TD is calculated by the following equation:
where TD is the force-distance value from the target. F i=16sec is the force measured at T = 16 sec. T is the force level target.
Intriguingly, as shown in Figures 9(a) and 9(b), TD clearly decreases in weightlessness conditions both for HGD and PFD tests, that is, astronauts perform this task better in weightlessness than on Earth. These data could be explained by the fact that during microgravity, the muscular proprioceptive feedback needs only to evaluate the force applied to the dynamometer rather than evaluating also the gravity force, present on Earth.
Discussion
In the present work, we found that during two long-term missions, the performance of the upper limbs measured by using HGD and PFD devices in space is not followed by adaptation to the space environment as reported during short-term missions [8] . Consequences of these findings are predictable: a dramatic impact on the strength of the astronaut's upper limbs engaged in long-term missions (>6 months) needs to be taken into account. Our results are in accordance with previous NASA studies that demonstrate International Journal of Aerospace Engineering that even bones are affected over the course of long-term missions by loss of their total hip bone mass [14] . Moreover, our data add information to the list of known effects of space flights on the human body during long-duration missions such as muscle atrophy, bone demineralization, altered immune function [15, 16] , cardiovascular system dysfunction [17, 18] , and also alterations in sleep function [19] . A significant amount of data on the decrease in the performance of various groups of muscles has been collected from astronauts flying from 1989 to 1995 in NASA's orbiters or Russian capsules [20] . The results from these investigations were expected to provide evidence to support a program of preflight conditioning, in-flight countermeasures, and postflight rehabilitation protocols. In general, the decrease in International Journal of Aerospace Engineering muscle strength and volume was systematic, affecting many major muscle groups analyzed. In our study, we found that in general HGD tests show a lower performance than PFD. Muscular microfilament performance could be reduced by the decrease in calcium concentration or by other physiological factors correlated with calcium metabolism [21] . In weightlessness conditions, the control of the force level and the maintenance of constant force level improve; however, for higher target level (75% of MVC), the muscular fatigue effects are evident during the course of the experiment. Force modulation and muscular tremor effects could be subject dependent. A subject could show better constant force output performance using small muscles modulated at higher frequency (0 to 4 Hz, frequency for principal big mass muscles and 4 to 20 Hz for small mass muscles). This strategy seems to be good for 25% and 50% of MVC force level but it is not efficient for 75% of MVC force level, probably because small mass muscle effects are completely masked by high force produced by big mass muscles. Finally, proprioceptive feedback appears to perform better in weightlessness conditions. Of interest, during the flight session 1 (F1) that was performed 19 days postlaunch, we were able to confirm the results from Pastacaldi et al. [8] that analyzed the MVC and PFD of astronauts during short-term exposure to microgravity.
Once back on Earth, astronauts experience recovery of upper limb performance. We speculate that the lack of visual feedback and gravity force input signal would make the CNS more effective in performing the requested tasks.
On Earth, the CHIRO protocol has been applied to healthy women volunteers to evaluate changes of muscle strength on the upper dominant limb with respect to age The values of the mean contraction speed decrease, respectively, from F1 to F3 of 45% for 25% and 50% and 44.55% for 75% MVC tests. (b) Handgrip dynamometer-(HGD-) contraction speed (CS) in the time window 0-24 seconds. The values of the mean contraction speed decrease, respectively, from F1 to F3 of 42.7% for 25%, 50% for 50%, and 45.7% for 75% MVC tests. The timing of the different sessions is reported in Materials and Methods. 9 International Journal of Aerospace Engineering and menopausal status [22] . The investigators found that handgrip strength was strongly associated with age: muscle strength is progressively decreased in the volunteers older than 40 years old. A comparison between the data collected in space and on Earth would provide further understanding and might help to indicate possible countermeasures both for astronauts involved in mission longer than six months and for patients affected by muscular disorders or elder people on Earth. In this context, the HPA device could be adopted as a valuable tool to investigate upper limb strength and performance over time in a variety of research or clinical settings. 
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